The microtubule cytoskeleton is a dynamic structure in which the lengths of the microtubules are tightly regulated. One regulatory mechanism is the depolymerization of microtubules by motor proteins in the kinesin-13 family 1 . These proteins are crucial for the control of microtubule length in cell division 2-4 , neuronal development 5 and interphase microtubule dynamics 6, 7 . The mechanism by which kinesin-13 proteins depolymerize microtubules is poorly understood. A central question is how these proteins target to microtubule ends at rates exceeding those of standard enzyme-substrate kinetics 8 . To address this question we developed a single-molecule microscopy assay for MCAK, the founding member of the kinesin-13 family 9 . Here we show that MCAK moves along the microtubule lattice in a one-dimensional (1D) random walk. MCAK-microtubule interactions were transient: the average MCAK molecule diffused for 0.83 s with a diffusion coefficient of 0.38 mm 2 s 21 . Although the catalytic depolymerization by MCAK requires the hydrolysis of ATP, we found that the diffusion did not. The transient transition from three-dimensional diffusion to 1D diffusion corresponds to a "reduction in dimensionality" 10 that has been proposed as the search strategy by which DNA enzymes find specific binding sites 11 . We show that MCAK uses this strategy to target to both microtubule ends more rapidly than direct binding from solution.
1
The microtubule cytoskeleton is a dynamic structure in which the lengths of the microtubules are tightly regulated. One regulatory mechanism is the depolymerization of microtubules by motor proteins in the kinesin-13 family 1 . These proteins are crucial for the control of microtubule length in cell division [2] [3] [4] , neuronal development 5 and interphase microtubule dynamics 6, 7 . The mechanism by which kinesin-13 proteins depolymerize microtubules is poorly understood. A central question is how these proteins target to microtubule ends at rates exceeding those of standard enzyme-substrate kinetics 8 . To address this question we developed a single-molecule microscopy assay for MCAK, the founding member of the kinesin-13 family 9 . Here we show that MCAK moves along the microtubule lattice in a one-dimensional (1D) random walk. MCAK-microtubule interactions were transient: the average MCAK molecule diffused for 0.83 s with a diffusion coefficient of 0.38 mm 2 s 21 . Although the catalytic depolymerization by MCAK requires the hydrolysis of ATP, we found that the diffusion did not. The transient transition from three-dimensional diffusion to 1D diffusion corresponds to a "reduction in dimensionality" 10 that has been proposed as the search strategy by which DNA enzymes find specific binding sites 11 . We show that MCAK uses this strategy to target to both microtubule ends more rapidly than direct binding from solution.
Kinesin-13 motor proteins act at microtubule ends, where they are thought to force protofilaments into a curved conformation 12, 13 , which is a likely structural intermediate in the depolymerization process 14 . Classically, kinesin motor proteins reach microtubule ends by ATP-dependent translocation along microtubules. However, directed motion has not been shown for kinesin-13 members 8 . To address the question of how kinesin-13 proteins reach microtubule ends, we expressed and purified two functional full-length versions of human MCAK: MCAK and green fluorescent protein (GFP)-tagged MCAK. We then developed a single-molecule microscopy assay for depolymerization (Fig. 1a) in which microtubules were immobilized on coverslips by means of surface-adsorbed anti-tubulin antibodies. Individual rhodamine-labelled microtubules and single MCAK-GFP molecules were revealed by epifluorescence and total-internalreflection fluorescence (TIRF) illumination, respectively.
LETTERS
MCAK rapidly depolymerized GMP-CPP-stabilized microtubules in the depolymerization assay (Fig. 1b, and Supplementary movie 1) . GMP-CPP (a slowly hydrolysable GTP analogue) was used to mimic the GTP found in the endcap of growing microtubules 15 . Depolymerization was ATP dependent and occurred at both microtubule ends. The depolymerization rate increased from its basal rate of 0.02 mm min 21 to a peak rate of 3.9 mm min 21 at 10 nM MCAK dimer (Fig. 1c) . Thus, MCAK accelerated depolymerization up to 200-fold, with the maximum rate corresponding to about 50 tubulin dimers removed per second per microtubule end.
MCAK reached the microtubule ends very quickly. Microtubule lengths were measured after rapid infusion of MCAK into the observation chamber (Fig. 1d) 8 . Given that each microtubule has 14 protofilaments, we infer an association rate of about 700 mM 21 s 21 to empty microtubule ends. These rates are significantly higher than expected for protein-protein association by threedimensional diffusion in solution 16 ; for example, the association of tubulin dimers onto the ends of growing microtubules occurs with an association rate of 2-5 mM 21 s 21 (refs 16, 17) . These kinetic data suggest that the targeting of MCAK to the microtubule ends is somehow facilitated. To investigate this we performed experiments at MCAK-GFP concentrations that allowed single molecules to be observed (see Supplementary Information 1 for an analysis showing that single MCAK-GFP dimers were observed). Unlike other kinesins, which undergo directed movement on the microtubule lattice, we found that single MCAK-GFP molecules performed a random walk on the lattice during their transient interaction with a microtubule ( The diffusion coefficient is high. Viewing diffusion as a random walk, the diffusion coefficient is related to the step size (d) and the time per step (t) by
nm (corresponding to stepping between tubulin dimers along a protofilament), then t ¼ 0.084 ms, implying that MCAK takes 12,000 diffusive steps per second. This is more than 100-fold faster than kinesin-1 steps directionally along the microtubule lattice 19 . To what extent does 1D diffusion increase the rate at which MCAK finds the ends of a microtubule? We calculated the average length scanned by MCAK during a diffusive interaction with a microtubule to be 0.79 mm, calculated as ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð2DktlÞ p . This length of microtubule adjacent to the end acts as an 'antenna' for MCAK molecules (see Supplementary Information 2). To estimate the flux of MCAK to the microtubule end, we write
›x 2 where c(x,t) is the concentration of MCAK on the microtubule lattice at distance x from the microtubule end and time t, k on is the attachment rate to the lattice, C m is the MCAK concentration in solution, and k off is the dissociation rate from the lattice. This equation excludes the contribution of the depolymerization rate, which is negligible. The steady-state solution of this equation is given by c(x) ¼ c 1 (1 2 e 2x/x 0 ), where c 1 is the concentration on the microtubule lattice far from the end, in MCAK dimers per mm, and Supplementary Information 3 (Fig. 1d) .
Diffusive scanning followed by end capture was directly observed, as shown in Fig. 3a (yellow arrowhead). If an MCAK-GFP molecule lands within 0.25 mm of the microtubule end, it is likely to diffuse to the end within our 100-ms frame acquisition time; this accounts for end-binding events not preceded by observable diffusion ( Fig. 3a, white arrowhead) . Direct end binding from solution also occurs.
Why might MCAK use 1D diffusion instead of a directed walk to get to microtubule ends? One advantage is that, unlike directed motion, diffusion allows MCAK to target both ends of the microtubule, which is a significant feature of kinesin-13 localization in vivo 2, 4 . A second advantage becomes clear when the diffusive movement of MCAK (with a diffusion coefficient of 0.38 mm 2 s
21
) is compared with the directed movement of kinesin-1 (with a velocity of 0.8 mm s 21 ) 19 : MCAK covers shorter distances more rapidly (Fig. 3b) . For any distance shorter than 1 mm, MCAK will outpace kinesin-1 in a race to the microtubule end.
We found evidence that the rapid diffusion of MCAK to the microtubule end does indeed accelerate the depolymerization reaction. First, increasing the KCl concentration from 75 mM to 125 mM greatly decreased the lifetime of MCAK on the microtubule lattice and decreased the depolymerization rate to baseline levels ( Fig. 3c and Supplementary Information 4) . Because a high salt concentration may disrupt direct end association as well as lattice diffusion, we did a second experiment in which the negatively charged carboxy termini of tubulin, known as the 'E-hook' 21 , was removed by digestion with subtilisin. This prevented MCAK from diffusing on the lattice (Fig. 3d, e) and significantly decreased the depolymerization rate to 26^3% of control microtubules (P , 0.1%, Welch's t-test), as shown previously with microtubule sedimentation assays 12, 13 . Direct end binding still occurred, and nearly maximum depolymerization rates were observed when using very high concentrations of MCAK (Supplementary Information 4) . Therefore the decrease in depolymerization rate for subtilisin microtubules is best explained by a decrease in end-targeting caused by the lack of E-hook-mediated diffusion.
The electrostatic partner for the negatively charged E-hook is probably the positively charged 'neck' domain 22 , which has been shown to be necessary for MCAK depolymerization activity in vivo 23 . Complementing earlier work showing that electrostatic interactions of positively charged regions of kinesin-1 (refs 24, 25) and kinesin-3 (ref. 26) with the E-hook enhance processivity of directed motility, our results indicate that these interactions are important for diffusive motility as well. Taken together, these data connect diffusion and depolymerization: electrostatic interactions between MCAK's neck domain and the E-hook of tubulin give rise to diffusion and accelerated depolymerization.
ATP is hydrolysed while MCAK interacts with the lattice of microtubules 8 . nucleotide-free states, respectively. In 1 mM ADP, MCAK-GFP bound microtubules and moved in a diffusive manner (D ¼ 0.22^0.01 mm 2 s 21 , ktl ¼ 1.75^0.06 s, n ¼ 1,076) proving that diffusion occurred without energy derived from the hydrolysis of ATP (Fig. 4a, and Supplementary movie 3) . Similar diffusion coefficients were measured in 0.1 and 10 mM ADP. The statistically significant difference in diffusion parameters (D and ktl) in ADP compared with ATP implies that, in the presence of ATP, MCAK does not primarily diffuse in the ADP state. MCAK-AMP-PNP could bind to microtubules but only rarely showed diffusive steps (D ¼ 0.014 mm 2 s 21 , ktl ¼ 3.5 s). When apyrase was added to remove both ATP and ADP from solution enzymatically, nucleotide-free MCAK-GFP went into a rigor state with greatly reduced diffusion (D ¼ 0.003 mm 2 s 21 , ktl ¼ 3.9 s). In the presence of ATP, MCAK must diffuse in one or more of the four possible nucleotide states: nucleotide-free, ATP, ADP and ADP-P i . As MCAK binds tightly in the presence of AMP-PNP and apyrase, both the ATP and nucleotide-free states are excluded. Because the diffusion observed in ADP is statistically distinct from that observed in ATP, MCAK apparently diffuses in the ADP-P i state.
To induce an ADP-P i -like state, we performed a single-molecule diffusion experiment in ADP zAlF x , ADP z BeF x and ADP z vanadate. Diffusion was observed in all three cases (Supplementary Information 5). The results imply that MCAK normally, in the presence of ATP, diffuses in the ADP-P i state.
In what nucleotide state is MCAK when it first encounters the microtubule? To determine the nucleotide state of soluble MCAK, we measured the amounts of radiolabelled a-and g-phosphates of ATP bound to MCAK and kinesin-1 free in solution without microtubules (Supplementary Information 5) . As shown previously 27 , no g-P i was bound to kinesin (g-P i /a-P i ¼ 211^8% in two experiments). However, equal amounts of a-P i and g-P i remained bound to MCAK (g-P i /a-P i ¼ 116^11% in three experiments). This shows that MCAK exists in the ATP or ADP-P i state in solution, unlike kinesin-1, and indicates that the functional differences between kinesin-1 and kinesin-13 family proteins are achieved through differences in hydrolysis mechanisms. The nucleotide data were used to formulate a MCAK-microtubule interaction model that accounts for both the microtubule lattice-stimulated and end-stimulated ATPase activity of MCAK (Fig. 4b) .
After arriving at the end, each MCAK seems to remove several dimers. Comparison of the flux to the microtubule end calculated theoretically (2.2 MCAK dimers per second at 6 nM) with the off-rate of tubulin dimers (14 s 21 at 6 nM MCAK-GFP) indicates that each MCAK removes about seven tubulin dimers for each end-targeting event. On average, single MCAK end-binding events were observed to last 1.9^0.2 s (n ¼ 239, corrected for photobleaching). At saturating concentration, MCAK removes tubulin dimers from protofilaments at a rate of two dimers per second, so an MCAK that resides for 1.9 s at an end would remove about four tubulin dimers. Taken together, these results indicate that MCAK might act processively at the microtubule end.
By diffusing along microtubules instead of walking, MCAK rapidly targets both microtubule ends. A comparable process is the rapid targeting of DNA restriction enzymes to their restriction sites, which also exceeds the three-dimensional diffusion limit 28 . These DNA enzymes are thought to target their restriction sites by a 1D diffusional scan of DNA segments 29, 30 , but this search mechanism has not been observed at the single-molecule level. Here we have characterized the 1D diffusion of MCAK on microtubules and shown the implications of this diffusion for end targeting. The single-molecule data presented here support the 'reduction in dimensionality' hypothesis.
The MCAK neck domain data 23 suggest that 1D diffusion operates in vivo to target MCAK to microtubule ends. Once at the ends, MCAK and its homologues interact with other proteins, such as the plus-end-binding proteins XMAP215 and EB1 (refs 6, 7), to regulate microtubule dynamics. The in vitro single-molecule approach taken here could be useful to study the dynamics of this molecular machinery.
METHODS
Proteins. Human MCAK-His 6 and human MCAK-His 6 tagged with enhanced GFP were expressed in Spodoptera frugiperda (Sf9) cells (BAC-TO-BAC expression system; Invitrogen) and purified by cation-exchange, metalchelating, and desalting or gel-filtration chromatography. Most experiments with MCAK-GFP were performed with freshly purified protein. A filterbased radiometric ATP binding assay 8 with [g-32 P]ATP and [a-32 P]ATP was used to determine the concentration of active MCAK and the nucleotide state of proteins in solution. Details are given in Supplementary Information 5 and 6. Reagents were purchased from Sigma unless indicated otherwise. Pig-brain tubulin was purified, rhodamine-labelled (TAMRA; Invitrogen) and polymerized with GMP-CPP (Jena Bioscience) as described previously 8 . Key experiments were repeated with Taxol-stabilized microtubules; no differences were observed. Digestion was performed with 10 mg ml 21 subtilisin, incubated for 20 min at 37 8C, and terminated with 2 mM phenylmethylsulphonyl fluoride. Imaging. Images were acquired with either a Roper Scientific MicroMAX:512BFT charge-coupled device camera or an Andor DV887 iXon camera with Zeiss Axiovert 200M microscopes and Zeiss 100 £ /1.45 a Plan-FLUAR objectives. The microscopes were outfitted with a dual-port TIRF condenser (Till Photonics) or a prototype VisiTIRF condenser (Visitron Systems). Fluorescein isothiocyanate (FITC) and tetramethylrhodamine b-isothiocyanate (TRITC) filter sets (Chroma Technology Corp.) were used to image GFP (TIRF) and TAMRA (epifluorescence) fluorophores, respectively. The standard exposure time was 100 ms. Depolymerization assay. Microscope chambers were constructed with 18 mm £ 18 mm and 22 mm £ 22 mm coverslips separated by double-sided tape (Scotch 3M) to create channels 0.1 mm thick, 3 mm wide and 18 mm long. Glass coverslips (no. 1.5; Corning) were cleaned in Pirnaha solution (H 2 O 2 /H 2 SO 4 , 3:5) before silanization in 0.05% dichlorodimethylsilane in trichloroethylene. Detailed methods are given in Supplementary Information 6. To immobilize microtubules, channels were incubated with 0.2% Tub 2.1 antibody in BRB80 for 5 min, followed by 5 min with 1% Pluronic F-127 in BRB80, and finally GMP-CPP microtubules in BRB80 for 15 min. Channels were rinsed with BRB20 (20 mM PIPES-/KOH pH 6.9, 1 mM MgCl 2 , 1 mM EGTA) before addition of the imaging solution (BRB20 supplemented with 75 mM KCl, 0.1 mg ml 21 BSA, 1 mM ATP or other nucleotides, 1% 2-mercaptoethanol, 40 mM glucose, 40 mg ml 21 glucose oxidase, 16 mg ml 21 catalase, and MCAK). Imaging analysis. The Motion Tracking software package, written in the Pluk development environment, was used to locate and track MCAK-GFP molecules 18 . The validity of each track was confirmed by visual inspection. The Pluk-derived diffusion coefficient was cross-checked against, first, trajectories generated by hand with kymographs and a custom MATLAB-based twodimensional gaussian peak-fitting tool, and second, an analysis of displacement distributions that does not require manual inspection. Details are given in Supplementary Information 1. For each condition examined, at least three separate experiments were performed, and multiple films of each experiment were analysed, yielding no less than 100 molecules.
